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Abstract 
The combination of carbon and glass fibres in new reinforced composite components makes the machining of these promising materials 
challenging. The abrasive carbon and glass fibres cause tool wear and cutting edge rounding which results in higher process forces and 
insufficient workpiece quality. At the IWF, innovative process strategies for the machining of these materials have been developed, combining 
these with new cutting tool geometries. Furthermore, the classification of workpiece quality for reinforced plastic components has not been 
sufficiently addressed thus far and is also a focus of the work being undertaken. In order to adequately describe the workpiece quality, fibre 
pull-out and fibre protrusion must both be analysed. Using the example of a carbon and glass fibre composite material, the dependency of these 
characteristic quality parameters on process and tool parameters shall be analysed. The work described here compares an axial drilling with an 
helical milling process from both a technological (workpiece quality) and an economical (processing time) point of view.   
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1. Introduction 
The use of lightweight materials continues to grow in 
importance in the aeronautical and automotive industries, with 
more stringent guidelines on fuel consumption and emissions 
coming into place in the next years. The demand for 
economical machining strategies for fibre reinforced 
composites is therefore high, as these materials possess a high 
potential for the substitution of, for example, heavier 
aluminium alloys. Various research works have studied the 
machining of fibre reinforced composites in recent years 
[1,2,3]. However, the focus lay mostly on carbon fibre 
reinforced composites in the aeronautical industry [1], with 
some work also being undertaken on glass fibre reinforced 
materials [4]. The development of machining strategies for 
automotive components and the combination of both carbon 
and glass fibres in a single workpiece has thus far been studied 
only in a limited capacity.  
2. Aim and current state of the art 
The aim of the presented work is to develop a machining 
strategy for high quality bore hole machining in a 
CFRP/GFRP combined workpiece material, as shown in 
Fig. 1. Currently, the fibre protrusion and fibre pull-out 
requires manual post-machining, which is costly and time-
consuming in series production. In both the automotive and 
aeronautical industries, drilling is one of the most important 
operations, with up to 55,000 holes being drilled in the 
production of an Airbus A350 aircraft and over 200 bore 
holes per car in the BMW i Series cars [5,6]. The aim is 
therefore to make manual reworking obsolete by achieving 
the required quality with the machining process alone. This 
can be achieved by controlled buckling and fracturing of the 
carbon and glass fibres during machining [5,7].  
 
© 2016 Published by Elsevier B.V This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the International Scientifi c Committee of 7th HPC 2016 in the person of the Conference Chair 
Prof. Matthias Putz
64   E. Uhlmann et al. /  Procedia CIRP  46 ( 2016 )  63 – 66 
 
 
Previous work by the authors has shown that the use of 
high speed cutting parameters has led to substantial 
improvements in the machining result [8,9]. This concept was 
thus transferred from peripheral milling to bore hole 
machining within the work described in this paper.  
As also stated by [1], the conventional machining process 
outputs such as tool wear and surface quality are not sufficient 
for the classification of reinforced composite components. For 
the work undertaken here, quality criteria were therefore 
determined by the end-user, BMW AG. The quality criteria 
relate to fibre pull-out and fibre protrusion.  
 
Nomenclature 
vc Cutting speed  
vf Feed rate 
vfmill Milling feed rate 
vfdrill Drilling feed rate 
D Diameter 
IF Fibre protrusion 
IPO Fibre pull-out 
CFRP Carbon fibre reinforced plastic 
GFRP Glass fibre reinforced plastic 
CVD Chemical vapour deposition 
BMBF Federal Ministry of Education and Research 
3. Experimental set-up 
The milling and drilling tests were undertaken on a 5-axis 
High Speed Cutting Machine from Roeders GmbH, Type 
RXP600DSH with a spindle speed up to n = 60000 rpm.  
In order to allow an analysis of the machining processes 
for the CFRP/GFRP material, in a first step quality criteria 
had to be defined. Two criteria, fibre pull-out and fibre 
protrusion were chosen based on the requirements of the end-
user, as shown in Fig.2. Fiber pull-out can reduce the 
workpiece thickness and therefore influence the strength and 
parallelism of parts for subsequent riveting and assembly 
processes. Fiber protrusion is less important for assembly 
activities, but becomes relevant in the varnishing of the 
workpieces. During this production step protruding fibers can 
break loose and fall into in the varnishing bath. This causes 
impurities in the paint layer and requires a high cleaning 
effort. The end-user defined the length of the fibers to be the 
most critical factor. The appearance of fiber pull-out and 
protrusion is due to an interplay of various influencing 
parameters. In addition to the location of the hole in the fiber  
 
 
braid and the resulting cutting angle, the condition of the 
cutting edge plays a major role. The cutting speed and feed 
rates are also important influencing process parameters as 
these impact the fibre seperation mechanism [10].  
The criteria were evaluated both at the hole entrance and 
exit, as shown in Fig 3. Additionally tool wear was also 
determined using scanning electron microscopy (SEM) 
images.   
A study of process parameters was undertaken, as shown in 
Table 1. The two processes were compared from both 
technological as well as economical points of view, with an 
analysis of tool wear, drilled hole quality and time consumed. 
Table 1. Process parameters for drilling and helical milling 
Test/Parameter Milling feed rate 
vfmill  
(m/min) 
Drilling feed 
rate vfdrill  
(m/min) 
Cutting speed 
vc (m/min) 
Helical Milling 1 7 0.75 678 
Helical Milling 2 17 0.75 678 
Drilling 1 - 0.6 700 
Drilling 2 - 0.9 925 
 
For all investigations, tools from Hufschmied 
Zerspanungssysteme GmbH were used. Fig. 3 shows the 
implemented process strategy for helical milling. As the first 
step, a hole with a depth of half the workpiece thickness is 
drilled. This is followed by the first milling process along a 
circular path. Subsequently, a further drilling step is carried 
out up to the full workpiece thickness before the tool moves at 
maximum feed to the depth of the second cutting stage. After 
a second milling process, the tool moves out of the hole. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Carbon and glass fibre reinforced composite used in the investigations Fig. 2. Quality criteria for bore holes 
Fig. 3. Process strategy for helical milling  
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4. Results of the investigations  
4.1 Drilling of CFRP/GFRP 
The challenge in drilling of CFRPs is often the bore hole 
quality at the hole exit, as due to the anisotropy and 
inhomogeneity of the composite, fibre pull-out and protrusion 
occur [2,11]. Results of the parameter variations showed that 
the number of achievable holes within the set quality criteria 
is low, with some tendency to higher bore hole quality when 
implementing higher cutting speeds, see Fig. 4. It could be 
shown that the limiting factor is not tool wear, but rather the 
attainment of sufficient bore hole quality even with an 
unworn, new tool. During the process time, some cutting edge 
rounding could be observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The use of CVD diamond coatings for the machining of 
CFRPs is reported by Iliescu et al. [12] to show a ten-fold 
improvement of tool life at higher cutting speeds compared to 
uncoated cemented carbide tools. This could not be shown in 
the drilling investigations here, in fact the CVD diamond 
coated tools did not show improvements of the bore hole 
quality, as shown in Fig. 5. This can be explained by the 
larger cutting edge radius of the coated tools, which may be 
compensated for when abrasive tool wear protection is 
required, however in this case the abrasive tool wear is not the 
limiting factor as the fibre pull-out and protrusions occur also 
at the beginning of the drilling tests with unused tools. Hintze 
et. al [13], Reimann et. al [14] and Faraz et. al [3] have also 
reported on poor workpiece quality with higher cutting edge 
rounding of the tools.  
 
 
 
4.2 Helical milling of CFRP/GFRP 
An alternative to drilling, which led to insufficient 
workpiece qualities as shown, is helical milling. The tool 
rotates on an orbit and moves in axial direction on a helical 
path. The advantage of this process is that it allows the 
production of bore holes with tools of a smaller diameter, 
which allows for easier chip evacuation and heat extraction as 
well as the production of differently sized holes with the same 
tool [1,15,16]. Further issues with conventional drilling can 
also be addressed, such as eliminating the stationary tool 
centre and compensation for the alteration of hole diameters 
due to tool wear. Sadek et al. [16] showed a reduction of 45 % 
in the axial force component and a 60 % reduction in tool 
temperature during helical milling compared with 
conventional drilling. Brinksmeier et al. [17] showed that 
significantly higher bore hole qualities could be achieved with 
helical milling compared with conventional drilling.  
Within these investigations a helical milling process was 
used whereby the tool does not follow a helical path whilst 
moving in an axial direction but rather follows a step-wise 
trajectory. Results showed that the helical milling process 
could attain significant advantages over drilling, as shown in 
Fig. 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. No. of bore holes prior to reaching fibre protrusion of > 1mm 
Fig. 5. Bore hole qualities after axial drilling with CVD diamond coated 
cutting tools, showing large fibre pull-outs 
Fig. 6. Workpiece quality comparison for axial drilling and helical milling 
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Interestingly, the limiting criteria during drilling was fibre-
pull out at the hole exit, with less than ten holes falling under 
the given criteria of lPO < 1 mm. Using helical milling 
significant improvements could be made in this category, with 
almost 100 holes being reached. However, using helical 
milling, the fibre protrusion at the hole exit was the limiting 
criteria, with a significant variation in the number of bore 
holes falling within the cut-off point of lF < 1 mm. The fibre 
protrusion at the bore hole entrance was not a limiting criteria 
in the drilling or milling tests and is thus not shown here. 
As with the drilling process, the tool wear was not the 
limiting factor, although some cutting edge sharpening 
interestingly took place following implementation in the 
cutting process.  
4.3 Component case study 
Comparing the technologies drilling and milling using a 
case study of a real component allows an analysis from an 
economical point of view. Using the example of a BMW 
structural component with 10 bore holes of diameter 
D = 5 mm, 5 holes with D = 8 mm and 5 holes with 
D = 12 mm, a time calculation can be made, as shown in 
Table 2.  
Table 2. Comparison of process times for axial drilling and helical milling 
Bore hole/Process Axial drilling Helical milling 
Bore hole 5 mm 0.8 s x 10 1.37 s x 10 
Bore hole 8 mm 0.88 s x 5  1.6 s x 5 
Bore hole 12 mm 0.93 s x 5 1.9 s x 5 
Tool change 10 s x 2 - 
Total  37.05 s 31.2 s 
 
The time calculations show that the implemented helical 
milling process reduces the processing time for the 
component by 5.85s even though the helical milling processes 
are slower compared to drilling, due to the obsolete tool 
changes.  
5. Conclusions 
A number of conclusions can be drawn from the work:  
x Drilling of CFRP/GFRP material leads to poor hole 
qualities with high level of pull-out, with the glass 
fibres most commonly causing more issues than the 
carbon fibres. 
x Coating with CVD diamond did not bring any 
advantages for the drilling process due to the higher 
cutting edge rounding of the tools. 
x Helical milling allows for higher bore hole qualities, 
with only one of the four quality criteria still 
requiring attention: the fibre protrusion at the bore 
hole exit. 
x An evaluation of axial drilling and helical drilling 
using an example BMW component showed that the 
helical milling process results in aslightly increased 
processing time, however may allow manual 
reworking to be reduced or removed from the 
process chain due to the higher workpiece quality.  
In further work it is planned to increase the cutting speeds and 
feed rates in order to achieve higher workpiece qualitites with 
reduced processing time.  
Acknowledgements 
The authors would like to express their thanks to the 
BMBF for the financial support of the ULTRASPAN project. 
References 
 [1] M’Saobi R. et al. High performance cutting of advanced aerospace alloys 
and composite materials. CIRP Annals – Manufacturing Technology 
2015;64;557-580.  
[2] Kumar D, Singh K. An approach to damage free composite machining: a 
review. Advance Composite Materials 2014;1-15. 
[3] Faraz A, Biermann D, Weinert K.. Cutting edge rounding: an innovative 
tool wear criterion in drilling CFRP laminates. International Journal of 
Machine Tools & Manufacture  2009;49;1185-1196. 
[4] Kanda K, Takehana S, Yoshida S, Watanabe R., Takano S, Ando H, 
Shimakura F. Application of Diamond-Coated Cutting Tools. Surface 
Coatings Technology 1995;73;1-2;115-120. 
[5] Hocheng H., Dharan CHK. Delamination during drilling in composite 
laminates. Journal of Engineering for Industry 1990;112;3;236 -239. 
[6] Müller-Hummel P, Richter J, Müller B. Neue Werkstoffe fordern neue 
Allianzen Prozesssichere, Wirtschaftliche Bearbeitung von CFK-IM, 
Werkstatt und Betrieb 2008;66-67. 
[7] Koplev A, Lystrup A, Vorm T. The Cutting Process, Chips and Cutting 
Forces in Machining CFRP. Composites 1983;14;4;371-376.  
[8] Hufschmied R., Richarz S. Hochgeschwindigkeitsbearbeitung  von 
carbonfaserverstärkten Kunststoffen. VDI-Z Integrierte Produktion, 
Special Werkzeuge II 2015; 8;32-33. 
[9] Uhlmann E,  Sammler F, Richarz S, Heitmüller  F, Bilz M. Machining of 
Carbon Fibre Reinforced Plastics (CFRPs). 5th Machining Innovations 
Conference 2014;24;19-24. 
[10] Heisel U, Pfeifroth T. Influence of point angle on drill hole quality and 
machining forces when drilling CFRP. 5th CIRP Conference on High 
Performance Cutting. 2012.  Procedia CIRP 2012;1;471-476. 
[11] Dharan CKH., Won S. Machining parameters for an intelligent 
machining system for composite laminates. International Journal of 
Machine Tools & Manufacture 2000;40;415-426.   
[12] Iliescu D., Gehin D, Gutierrez ME, Girot F. Modelling and Tool Wear in 
Drilling of CFRP. International Journal of Machine Tools & Manufacture 
2010;50;2;204-213. 
[13] Hintze W, Clausen R, Hartmann D, Kindler J, Santos S, Schwerdt M,       
Stöver E, Precision of machined CFRP—the challenge of dimensional 
accuracy. Proceedings of the AST Workshop on Aircraft System 
Technologies, Hamburg, Germany, March 2007;361-374. 
[14] Reimann W. Bearbeitung von faserverstärkten Kunststoffen bei hohen 
Schnittgeschwindigkeiten Technische Mitteilungen, Organ des Hauses der 
Technik 1988;81;5;240-243.  
[15] Brinksmeier E, Fangmann S, Rentsch R. Drilling of composites and 
resulting surface integrity. CIRP Annals – Manufacturing Technology 
2011; 60;1;57-60. 
[16] Sadek A, Meshreki M, Attia MH. Characterisation and optimization of 
orbital drilling of woven carbon fiber reinforced epoxy laminates. CIRP 
Annals – Manufacturing Technology 2012;61;1;123-126. 
[17] Brinksmeier E.; Janssen R. Drilling of Multi-Layer Composite Materials 
consisting of Carbon Fiber Reinforced Plastics (CFRP), Titanium and 
Aluminium  Alloys. CIRP Annals- Manufacturing Technology 2002;60;1; 
57-60.    
 
